The IGF pathway has been implicated in the regulation of neuroendocrine tumor (NET) growth, and preliminary studies suggested that ganitumab (AMG 479), a human MAB against IGF1R, may have antitumor activity in this setting. We performed a two-cohort phase II study of ganitumab in patients with metastatic progressive carcinoid or pancreatic NETs (pNETs). This open-label study enrolled patients (R18 years) with metastatic low-and intermediate-grade carcinoid or pNETs. Inclusion criteria included evidence of progressive disease (by Response Evaluation Criteria in Solid Tumors (RECIST)) within 12 months of enrollment, ECOG PS 0-2, and fasting blood sugar !160 mg/dl. Prior treatments were allowed and concurrent somatostatin analog therapy was permitted. The primary endpoint was objective response. Secondary endpoints included overall survival (OS), progression-free survival (PFS), and safety. Sixty patients (30 carcinoid and 30 pNETs) were treated with ganitumab 18 mg/kg every 3 weeks, among whom 54 patients were evaluable for survival and 53 patients for response. There were no objective responders by RECIST. The median PFS duration was 6.3 months (95% CI, 4.2-12.6) for the entire cohort; 10.5 months for carcinoid patients, and 4.2 months for pNET patients. The OS rate at 12 months was 66% (95% CI, 52-77%) for the entire cohort. The median OS has not been reached. Grade 3/4 AEs were rare and consisted of hyperglycemia (4%), neutropenia (4%), thrombocytopenia (4%), and infusion reaction (1%). Although well tolerated, treatment with single-agent ganitumab failed to result in significant tumor responses among patients with metastatic well-differentiated carcinoid or pNET.
Introduction
Neuroendocrine tumors (NETs) comprise a heterogeneous spectrum of neoplasms. NETs are commonly subclassified into two broad subgroups according to their site of origin: pancreatic NETs (pNETs) are thought to arise from the endocrine cells of the pancreas, whereas NETs of other sites such as the lungs or gastrointestinal tract are often referred to as carcinoid tumors (Kulke et al. 2012) . NETs can be further classified according to histological subtype.
A recent classification system divides NETs into well-differentiated tumors (comprising tumors of low or intermediate grade) or the more aggressive poorly differentiated high-grade tumors (Klimstra et al. 2010) .
Treatment options for metastatic, well-differentiated NETs have expanded in recent years. NETs may have the ability to secrete hormones, biogenic amines, and other vasoactive substances that can give rise to diverse clinical syndromes, including flushing and diarrhea. The somatostatin analogs (SSAs) octreotide and lanreotide were initially developed to palliate such hormonal symptoms (Kvols et al. 1986 ). Recently, a randomized phase III trial of octreotide long-acting repeatable (LAR) in patients with metastatic midgut carcinoid tumors demonstrated a significant improvement in time-to-progression, thereby expanding SSA use to carcinoid tumor patients who do not have symptoms of hormonal hypersecretion (Rinke et al. 2009) . pNETs appear to be sensitive to cytotoxic alkylating agents, including streptozocin (Moertel et al. 1992 , Kouvaraki et al. 2004 or temozolomide-based regimens (Kulke et al. 2006 , Strosberg et al. 2011 . Additionally, treatment with the mammalian target of rapamycin (mTOR) inhibitor everolimus or the small molecular tyrosine kinase inhibitor (TKI) sunitinib was recently shown to prolong progression-free survival (PFS) among patients with advanced pNET (Raymond et al. 2011 , Yao et al. 2011 . However, objective tumor responses associated with these targeted agents are uncommon and were reported to be below 10% in phase III trials.
Despite these recent advances, there remains a clear need for additional systemic agents with antitumor activity. Accumulating evidence demonstrates that gastrointestinal NETs over-express the circulating ligands insulin-like growth factor 1 (IGF1) and IGF2 as well as their receptors (IGFRs; Wulbrand et al. 2000) . Moreover, the primary downstream phosphatidylinositol 3-kinase (PI3K)/AKT/mTOR signaling pathway is known to be dysregulated in a high proportion of NETs (Jiao et al. 2011) . Preclinical studies in carcinoid cell lines demonstrate that IGF1 is a major autocrine regulator of neuroendocrine secretion and growth, a process that is mediated through the PI3K/AKT pathway (von Wichert et al. 2000) . Immunoneutralization of endogenously released IGF1 markedly reduces basal chromogranin A (CgA) release. Additional preclinical studies of an IGF1R inhibiting TKI in carcinoid and insulinoma cell lines have demonstrated cell cycle arrest at the G1/S checkpoint as well as induction of apoptosis via activation of caspase-3 (Hopfner et al. 2006) . Ganitumab (AMG 479) is a fully human MAB (IgG1) directed against IGF1R. Ganitumab inhibits the interaction of IGF1R with its natural ligands, IGF1 and IGF2. Blockade of IGF1R signaling by ganitumab has been found to inhibit activation of the PI3 kinase/AKT pathway, leading to growth inhibition in preclinical tumor models of pancreatic adenocarcinoma (Beltran et al. 2009 ). Ganitumab treatment in these models also results in a persistent and substantial reduction of IGF1R concentrations that is probably caused by increased receptor internalization and decay. Preclinical testing has shown that ganitumab does not bind to the closely related insulin receptor (INSR) or interfere with insulin binding to INSR homodimers in vitro (Beltran et al. 2009 ).
In a dose-escalation phase I clinical trial of ganitumab, one partial response and one minor response was observed among five NET patients who enrolled in the study (Tolcher et al. 2009 ). The patient who achieved the partial response remained on trial for 21 months and the patient who experienced the minor response continued on study for over 27 months. To more definitively assess the potential activity of ganitumab in patients with NET, we performed a multicenter, two-cohort, single-arm phase II study enrolling patients with advanced carcinoid or pNETs. Patients were treated with ganitumab 18 mg/kg i.v. every 3 weeks and were followed for evidence of tumor response, safety, and survival.
Patients and methods

Patient selection
This study was an open-label, single-arm, two-cohort (carcinoid and pNET) phase II prospective clinical trial. The protocol was approved by the Institutional Review Board at each participating center, and the study was conducted in accordance with Good Clinical Practice principles. Written informed consent was obtained from all participants.
Subjects were adults (age R18 years) with locally advanced or metastatic well-differentiated (low or intermediate grade) carcinoid or pNETs. Patients without clinical evidence of a pancreatic primary site were considered to have carcinoid tumors. Patients were required to have evidence of progressive disease by Response Evaluation Criteria in Solid Tumors (RECIST) within 12 months of study entry. Any number of prior treatments were allowed, and concurrent therapy with SSAs was permitted as long as patients remained on a stable dose. Other key eligibility criteria were measurable disease, Eastern Cooperative Oncology Group (ECOG) performance status %2, absolute neutrophil count R1500 cells/ml, platelets R100 000 cells/ml, total bilirubin %2.0 mg/dl, AST and ALT %2.5!upper limit of normal, and creatinine %2.0 mg/dl. Patients with diabetes were eligible as long as fasting blood glucose was !160 mg/dl and HbA1c was !8%. Key exclusion criteria included poorly differentiated histology, insulin-secreting tumors (insulinomas), and myocardial infarction within 6 months.
Treatment and evaluation
Ganitumab was administered i.v. at a dose of 18 mg/kg over 60 min every 3 weeks. A single 50% dose reduction was allowed for grade R3 thrombocytopenia. Drug was held for grade R3 hyperglycemia and resumed at full dose after appropriate medical management. All other grade 4 nonhematological events considered related to ganitumab led to removal of patients from the study protocol. Evaluation visits were scheduled every 3 weeks along with standard blood tests (complete blood count, comprehensive metabolic panel). Tumor markers (e.g. CgA) and other secretory proteins or amines (e.g. 5-hydroxyindoleacetic acid) were monitored every 9 weeks, if elevated at baseline. Radiological assessments of tumor burden (multiphasic computed tomography (CT) or magnetic resonance imaging (MRI) scans) were scheduled every 9 weeks. RECIST version 1.0 was used for evaluation of the primary endpoint.
Sample size calculation
The primary end point was the objective radiographic response rate. Secondary end points included PFS, overall survival (OS), and toxicity, calculated according to the NCI Common Terminology Criteria for Adverse Events version 4.0 (CTCAEv4.0). The sample size calculation was based on the assumption that a true response rate of greater than 16% (comparable with that seen with agents such as sunitinib in pNET (Raymond et al. 2011) or bevacizumab in carcinoid tumors; Yao et al. 2008) would generate interest in a larger randomized study, whereas a true response rate of less than 5% would not yield further interest in this agent. Taking into account both study feasibility given these relatively rare tumors and the relatively small difference in H 1 and H 0 , we designed to study to enroll 30 patients in each cohort, with a type 1 error of 6% and a power of 73%. Under this model, three or more responses in either cohort would have suggested that ganitumab is active.
Statistical analysis
The Kaplan-Meier method was used to estimate all timeto-event functions. PFS was defined as the time from start of treatment until disease progression or death as a result of any cause. OS was defined as the time from start of treatment until death as a result of any cause, with patients censored at the date of last follow-up if still alive. All tests were two sided and statistical significance was declared at P!0.05. Statistical analysis was performed using STATA IC (Stata Statistical Software, Release 10.0; Strata Corp., College Station, TX, USA).
Results
Patient population
A total of 60 patients were enrolled in two cohorts: 30 carcinoid tumors and 30 pNETs ( Table 1 ). The median age of the patient population was 61 years; there was a preponderance of females (nZ38) compared with males (nZ22). The great majority (56/60) had a performance status of 0 or 1, and more than half (nZ34) received concurrent octreotide. Twenty patients had hormonally functioning tumors, including 17 patients with carcinoid syndrome. Among patients with pNETs, two had gastrinomas and one had a glucagonoma; the remainder were hormonally nonfunctioning.
Most patients were heavily pretreated: 44 had received prior cytotoxic chemotherapy (including temozolomide, capecitabine, 5-fluorouracil, dacarbazine, and streptozocin), 35 received prior octreotide, 28 received prior everolimus, 15 had prior bevacizumab, five had prior sunitinib, and six had prior interferon a. After enrollment on the clinical trial, 34 patients remained on octreotide LAR whereas 26 patients did not receive concurrent SSA therapy.
Duration of therapy
Patients received a median of six treatment cycles. Reasons for discontinuation included radiographic tumor progression (nZ29), symptomatic progression (nZ10), physician decision (nZ5), withdrawal of consent (nZ5), toxicity (nZ3) death on study (nZ2), and prolonged treatment delay (nZ1). Five patients required a single-dose reduction, due to neutropenia (nZ2), thrombocytopenia (nZ2), and hyperglycemia (nZ1). Toxicities leading to treatment discontinuation included hypersensitivity reaction (nZ1), hyperglycemia (nZ1), and colitis (nZ1).
Safety
Ganitumab was well tolerated with only 54 moderate (grade 2), 27 severe (grade 3), and four life-threatening (grade 4) adverse events (AEs) that were considered at least possibly related to treatment (Table 2) . Among these, only five grade 3 and two grade 4 toxicities were considered likely related to treatment including hyperglycemia (4%), neutropenia (4%), thrombocytopenia (4%), and infusion reaction (1%). The most common AEs overall were hyperglycemia (nZ27), nausea (nZ15), thrombocytopenia (nZ14), and infusion-related reaction (nZ11).
Immunogenicity
A total of 58 subjects had a baseline sample available and three of them tested positive for anti-AMG 479 binding antibodies but negative for neutralizing antibodies. A total of 52 subjects had at least one post-dose sample available and none tested positive for antibodies against AMG 479 post-dosing.
Radiological and biochemical response
Fifty-three patients were evaluable for response. Seven patients withdrew from the study before radiographic evaluation due to symptomatic deterioration (nZ2), patient choice (nZ2), physician decision (nZ2), and a hypersensitivity reaction to the trial drug (nZ1). There were no objective radiological responders by RECIST. When best response to therapy was evaluated, 37% (10/27) evaluable carcinoid patients and 31% (8/26) evaluable pNET patients appeared to have experienced some degree of tumor shrinkage, while 63% (17/27) of the carcinoid patients and 58% (15/26) of the pNET patients appeared to experience continued tumor growth (Fig. 1) . Among 38 patients who had baseline elevated serum CgA levels, four patients (11%) experienced major reductions (O50%) or normalization of tumor marker levels. An insufficient number of patients had baseline elevations of 5HIAA to draw meaningful conclusions regarding 5HIAA response; a formal assessment of symptomatic response was not performed as part of this study.
PFS and OS
Fifty-four patients (28 carcinoid and 26 pNETs) were evaluable for PFS and all 60 patients were evaluated for OS. At the time of data cutoff, 19 patients had died and 34 were alive, with follow-up duration for the surviving patients ranging from 2 to 20 months. The overall median PFS was 6.3 months (95% CI, 4.2-12.6 months). Stratified by tumor group (Fig. 2) , the median PFS of patients with carcinoid tumors and pNETs was 10.5 months (95% CI, 4.2-16.5 months) and 4.2 months (95% CI, 2.8-8.2 months) respectively.
Thirty-four patients on the trial continued prior treatment with octreotide LAR after initiation of ganitumab, whereas 26 patients did not receive concurrent octreotide. The median PFS among the combination cohort was 14.4 months compared with only 4.1 months among patients who did not receive concurrent octreotide (PZ0.0001). Median OS has not been reached. The 12-month OS rate was 66% (95% CI, 52-77%) and the 18-month OS rate was 53% (95% CI, 37-67%). Stratified by tumor group (Fig. 3) , the 1-year survival-rate of patients with carcinoid and pNETs was 68% (95% CI, 48-82%) and 65% (95% CI, 45-80%) respectively.
Discussion
To our knowledge, this trial represented the largest study of an IGF1R inhibitor in patients with advanced NET. Preclinical data suggested that the IGF1R signaling transduction pathway may be constitutively activated in NETs and that inhibition of the IGF1R could therefore alter the natural history of disease. However, our study failed to demonstrate significant clinical activity associated with ganitumab in patients with either carcinoid or pNETs.
As in prior phase II studies performed with ganitumab in other indications, treatment was associated with relatively little toxicity. Grade 3 and 4 events were uncommon and included thrombocytopenia, neutropenia, and hyperglycemia. A similar pattern of toxicity was observed in a phase II study of ganitumab in 38 patients with Ewings sarcoma; these toxicities were also reported in a randomized phase II study of gemcitabine with or without ganitumab in patients with advanced pancreatic cancer (Kindler et al. 2012) . Treatment-associated toxicity led to treatment discontinuation in only three of the 60 patients enrolled in our study.
Despite the good tolerance of the drug, however, we failed to observe significant evidence of antitumor activity. As in several earlier studies of NETs (Kulke et al. 2008 , Yao et al. 2010 , we used a single-arm phase II design with response rate as the primary endpoint; none of the 60 patients enrolled experienced a partial response. Singlearm phase II studies in NET, particularly those investigating targeted agents, have recently been criticized due to the fact that treatment with many novel agents may result in tumor stabilization rather than significant tumor shrinkage, which may not be appreciated with a singlearm design (Kulke et al. 2011) . Indeed, in randomized Anemia  8  7  1  0  16  Lymphopenia  3  3  3  1  10  Neutropenia  2  3  2  0  7  Thrombocytopenia  11  0  2  1 studies of patients with advanced pNET, responses associated with everolimus or sunitinib were uncommon, yet both drugs significantly improved PFS. To address this potential limitation and to assess whether ganitumab may have resulted in lesser degrees of tumor shrinkage than measured by RECIST, or in tumor stabilization, we investigated responses using a waterfall plot analysis. In contrast to parallel results in prior phase II studies of everolimus or sunitinib, in which a majority of treated patients had either stable disease or experienced at least some decrease in tumor burden as their best response to therapy, the majority of both carcinoid and pNET patients in our study experienced progressive disease as their best response. We additionally compared PFS in our study with values obtained in other studies to assess whether ganitumab had potential activity in NET. Such historical comparisons can be limited by selection bias and the use of different eligibility criteria in different trials. We attempted to minimize inter-trial variability by requiring progression within 12 months of study entry, a requirement that paralleled the entry criteria for placebocontrolled randomized studies of everolimus and sunitinib in pNET, as well as the entry criteria for a recent placebo-controlled randomized study of everolimus in patients with advanced carcinoid tumors (Pavel et al. 2011 , Raymond et al. 2011 , Yao et al. 2011 . The PFS time of 4.2 months obtained in our study in patients with pNET is comparable with the PFS duration of 4.5 and 5.5 months in the placebo arms of the randomized sunitinib (Raymond et al. 2011 ) and everolimus trials (Yao et al. 2011) respectively. The PFS duration of 10.5 months obtained in the carcinoid cohort of our study is comparable to that of 11.2 months in the placebo arm of the randomized study of everolimus in patients with advanced carcinoid (Pavel et al. 2011) . The median PFS was longer in patients receiving octreotide LAR (14.4 months) than in patients who did not receive octreotide (4.1 months). While a synergistic effect between ganitumab and SSAs is possible, these differences in PFS may also have been due to patient selection or to a cytostatic effect of octreotide alone. Our negative results are consistent with the lack of clinical activity associated with another IGF pathway inhibitor in NET (Reidy-Lagunes et al. 2012) as well as recent results with ganitumab in pancreatic adenocarcinoma, in which a randomized trial of gemcitabine with our without ganitumab was stopped early due to lack of efficacy (www.amgen.com/media/media_pr_detail.jsp? releaseID=1723925). Given the apparent pivotal role played by IGF signaling in preclinical studies of NET and other cancers, it is in many respects surprising that treatment with ganitumab and other IGF pathway inhibitors has not been associated with more antitumor activity. It is possible that IGF1R blockade alone is not sufficient to block IGF signaling. Resistance to IGF1R blockade may be mediated by multiple mechanisms, including upregulation of alternate tyrosine kinase receptors such as the epidermal growth factor receptor (EGFR) or Her2 (Haluska et al. 2008) , overexpression of additional IGF pathway components, including IGF2 and INSR (Garofalo et al. 2011) , or receptor-independent downstream activation of the PI3K/AKT pathway as well as alternate signal transduction pathways. Additional preclinical work will be necessary to elucidate specific patterns of resistance in NETs and to suggest combination therapies that are likely to enhance tumoral sensitivity to IGFR1 inhibition. For example, if resistance is mediated by downstream upregulation of the PI3K/AKT/mTOR pathway, then studies of combination treatment with an mTOR inhibitor may be warranted.
Hematological toxicity
In conclusion, our study failed to demonstrate significant antitumor activity associated with ganitumab monotherapy in NET. Given strong preclinical evidence implicating the IGF pathway in NET pathogenesis, further studies assessing the role of the IGF pathway in NET, together with investigation of resistance mechanisms to single-agent IGF1R blockade in this setting, are warranted.
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